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  Biomaterial scaffolds are designed to mimic the extracellular matrix and will act as a 
physical support to promote the regrowth of the tissue and the migration of proteins. This field is 
still in development because of the emerging need of transplants and its biocompatibility issues. 
Polyvinylidene fluoride (PVDF) is a fluoropolymer and biopolymer. PVDF membranes 
have already been produced and evaluated as scaffolds. However, these membranes did not make 
use of the β-phase of PVDF, that exhibits piezoelectric properties. Because of the role played by 
piezoelectric response on bone remodelling, piezoelectric scaffolds can be exploited to enhance 
the efficacy of repair in the bone tissue.  
In this work PVDF membranes were produced by solvent-casting and particulate leaching 
and CO2 supercritical methods in order to get a membrane with interconnected porosity. 
Optimised PVDF membranes by CO2 supercritical were obtained but not by other 
method. The membranes showed the presence of β-phase. DRX and SEM images displayed a 
highly interconnected porous structure. The porosity of the structure, cell adhesion, 
biocompatibility, electrical polarization and bioactivity were also studied in this work. 
 








  Os biomateriais são projetados para reproduzir a matriz extracelular e atuam como 
suporte físico que promove o crescimento do tecido e a migração das proteínas. Esta área está em 
desenvolvimento devido à crescente necessidade de transplantes e problemas relacionados com a 
biocompatibilidade. 
O Fluoreto de polivinilideno (PVDF) é um fluoropolímero e um biopolímero. As 
membranas de PVDF foram produzidas e avaliadas como membranas para as células. No entanto, 
estas membranas não fizeram proveito da fase β do PVDF, que exibe propriedades piezoeléctricas. 
Devido ao papel que a resposta piezoeléctrica na remodelação do osso, as membranas 
piezoeléctricas podem ser aproveitadas para aumentar a eficácia de reparação do tecido ósseo. 
 Neste trabalho foram produzidas membranas de PVDF pelos métodos de solvent-casting 
and particulate leaching e CO2 supercrítico de forma a se obter uma membrana com poros 
interconectados. 
As membranas otimizadas de PVDF foram obtidas apenas pelo método do CO2 
supercrítico e não por outro tipo de método. As membranas produzidas puderam confirmar a 
presença de fase β. As imagens obtidas por DRX e SEM evidenciaram uma estrutura 
interconectada altamente porosa. A porosidade da estrutura, os testes de adesão celular, a 
polarização elétrica e os ensaios de bioactividade também foram estudados.  
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Motivation and Objectives 
 
 
Over the recent years, tissue engineering has been gaining an increasingly important role in 
our society. This field brings together knowledge from different areas, among which stand out 
clinical medicine, engineering and science. Tissue engineering is defined by Viola et al. [1] as “the 
application of principles and methods of engineering and life sciences toward fundamental 
understanding of structure-function relationships in normal and pathological mammalian tissues 
and the development of biological substitutes to restore, maintain, or improve tissue function”. 
Many biological materials possess piezoelectric properties. Human tissues like bone and 
tendons, collagen, nucleic acids, myosin and actin display this property [2]. Recent studies have 
proved that electric stimulation improved cell adhesion and proliferation in those different tissues [3-
4].  
  In this work, the piezoelectric effect as a property of implants is going to be analysed using 
synthetic piezoelectric polymers like polyvinylidene fluoride (PVDF) and its copolymer. These 
polymers present a higher piezoelectric coefficient compared to other biological material [5]. Also, 
they present the characteristics of a biomaterial. 
The main objective of this work is the study of the biocompatibility of porous 3D matrices 
from piezoelectric polymers. Porous scaffolds of PVDF, produced using CO2 supercritical method, 
are polarized and then characterized to be tested in vitro to evaluate its biological compatibility.  
This work will allow a more in-depth understanding of the use of piezoelectric polymers, such as 
PVDF, as a biomaterial 3D porous structure and how it can help the promotion of the regrowth and 















Biomaterial as defined by D. F. Williams [6] is “a material designed to take a form that can 
direct, through interactions with living systems, the course of any therapeutic or diagnostic 
procedure”. This field of science is not recent, but the advance of technology has allowed an increase 
of applications. Most common are joint replacements, bone plates, blood vessel prostheses, heart 
valves and so many other applications. 
The advancement of the study in this field arises from the need to improve the current 
methods of repair, replacement or regeneration treatment. Before, the most used methods were the 
transplant of tissue from one place to another of the same patient, also known as autograft, or from 
one patient to another one, called allograft. These methods have been useful, but they face limitations 
such as biocompatibility issues, problems guaranteeing tissue for every patient in need and these 
procedures involve some pain and risk of infection [7]. According to Global Observatory on 
Donation and Transplantation [8] statistics, there has been an increase of 5.8% of transplanted organs 
from 2014 to 2015 and according to UNOS [9] more than 7000 people died in 2016 while waiting 
for an organ transplant. The use of biomaterials’ scaffolds may show a significant improvement on 
mitigating the lack of transplants.  
Biomaterial scaffolds are 3D polymeric materials designed to serve as physical support of 
cells and mimic extracellular matrix environment in order to promote cell growth and migration of 
nutrients and proteins [10]. There are many properties to consider when developing a biomaterial. 
The most important is biocompatibility since the scaffold needs to behave as a biological tissue so 
the cells can adhere while avoiding interactions that will trigger the immune system’s response. Then 
there is biodegradability, which is not an obligatory property in all biomaterials, that guarantees the 
replacement of the implant by the living tissue. Mechanical properties are also relevant in the design 
of the biomaterial. It is important to guarantee that the implant can mimic the mechanical properties 
of the tissue that is replacing. It should be able to sustain the same mechanical stresses while having 
enough void volume to facilitate vascularization and tissue implantation. Finally, there are electrical 
properties that will be the focus of this work. This property is considered since some devices deliver 
power or detect electrical signals. In 1985, N. B. Patel et al. [11] presented a study where they 
concluded that the neurite growth was influenced by the stimulation of electrical current. In the 
presence of current, it occurred an increase on the growth cone extension. On the contrary, when the 






  The piezoelectric response of the materials depends vastly on the molecular structure and 
how atoms are arranged in their lattice. The polarization occurs when the average position of the 
positive ions does not equal the average position of the negative ions. The net polarization is caused 
due to the alignment of the dipoles in the same direction. This situation happens when the temperature 
is below the Curie temperature where the energy is low, and the polymer has an asymmetric crystal 
lattice. If the temperature is above the Curie temperature the molecular structure will have an overlap 
between both positive and negative ions resulting on a zero-net polarization. In piezoelectric 
materials, the Curie temperature (Tc) is defined as the temperature at which the material loses the 
ability of sustaining polarization. The polar crystalline phase is possible to obtain through many 
processes such as mechanical orientation, thermal annealing and high voltage treatment [12].  
The electric poling can be done to develop a net polarization below the Curie temperature 
by applying an electric field. Cells react to the presence of a charged surface [13]. By polarizing the 
polymer, its surface will be charged because of the orientation of the dipoles. This process can be 
made with two major techniques: DC poling and corona charge. The first technique, DC poling, is 
implemented by applying a static electric field at a given temperature for a period of time that will 
permit the mobile entities to orientate themselves with the field. Poling efficiency is tested using a 
thermally depolarisation current (TSDC) technique at constant temperature (described in section 3.3). 
Corona charging consist of applying a high enough electric field to a gas. This causes ionization of 
the gas and the ions and/or electrons are accelerated and impact on the surface to be charged. This 
last technique was not tested in this work. 
Piezoelectricity is a property present on some materials in which a change in the polarization 
caused by external applied forces can induce an electric charge [14]. This phenomenon was 
discovered in 1880 by the brothers Pierre and Jacques Curie. They suggested the possibility of a 
relationship between mechanical stress and electricity. Later, the same authors published a study 
proving their theory, having conducted experiments with tourmaline, quartz, topaz, cane sugar and 
Rochelle salt crystals [15]. In these experiments, the authors realized that the crystals would vibrate 
at different frequencies when an electromagnetic field is applied. 
 There are two types of piezoelectric effects: direct piezoelectric effect and inverse 
piezoelectric effect. The first one, as seen on figure 1, consists on the generation of an electric field 
whenever the material is subject to mechanical stress, σ [16]. The second one corresponds to the 










The piezoelectricity can be measured combining the effect of the electrical and mechanical 
work done in the material using the following equations 2.1 and 2.2 where D is the electric charge 
density displacement, ε is permittivity, σ is mechanical stress, E is electric field, S is strain, s is 
compliance and d is the piezoelectric charge constant. 
 
 
{𝑫} = [𝒅]{𝜎} + [𝜺𝜎]{𝑬}    2.1 
{𝑺} = [𝒔𝑬]{𝜎} + [𝒅𝒕]{𝑬}   2.2 
 
 The piezoelectric charge constant, [d], is a matrix holding the different values of the 
piezoelectric charge constant, dij for each tensor indices. The index i denotes the direction of the 
generated voltage and the index j refers to the direction of the applied stress as shown on figure 2. 
The axes are numbered from 1 to 3, where 1 is the machine direction, 2 is the perpendicular planar 
direction and 3 is corresponds to the thickness of the element.  
 
Figure 2 - Piezoelectric axes used to describe the orientation of a crystal. Adapted from [17]. 




2.3 Bone Tissue 
 
Bone is an organ that is composed by a specialized connective tissue. Within this tissue we 
can distinguish different types of cells like osteoblasts, osteocytes and osteoclasts [18]. Osteoblasts 
are cells located in the lacunae of the bone and are responsible for the formation of the bone itself. 
Once the cells are trapped inside the matrix, they will secrete originating osteocyte cells. Osteocytes 
are the most abundant cells in the bone and they can act as a mechanosensory cells since they can 
control the cell-cell interactions with osteoclasts and osteoblasts [19]. At last, the osteoclasts is a type 
of cell responsible for the breakdown of the bone tissue and in order to begin its repair and 
remodelling. Also, it is the regulator of the calcium level present in the blood. This is achieved by 
digesting the proteins and the minerals present in the bone. 
The bone possesses distinct functions such as support for the vital organs and the locomotion 
of the body. It is also a storage of mineral present in the human body, such as calcium and phosphate, 
and it harbours the bone marrow that is the main site of production of blood cells. 
With regard to the constitution of the bone, we can distinguish two different phases that are 
responsible for different characteristics at the same time like flexibility and toughness. The organic 
phase is formed mostly by collagen fibers, being the most abundant the collagen fiber type 1 (95%) 
and some glycoproteins and proteoglycans. This phase confers properties like toughness and 
resistance to the bone. The inorganic phase, or mineral phase, represents about half of the bone 
matrix’s weight and it is mostly home of minerals like hydroxyapatite (a calcium phosphate) and 
other minerals in smaller quantities like calcium carbonate [20]. 
 Piezoelectricity on the bone has been studied by Fukada and Yasuda and this effect was 
observed when the shearing force is applied to collagen fibers [21]. 
Also, D. Rossi and P. Dario [22] stated that “Bone healing stimulation by electrical charges 
delivered by piezoelectric polymers implants can potentially play a significant role in therapy of 
nonunion-fractures”. 
 
2.4 Polyvinylidene fluoride 
 
 PVDF is a semi crystalline fluoropolymer that can exhibit piezoelectric activity and it is 
formed by the polymerization of vinylidene. This property comes from the fact that in some phases, 
the fluorine and hydrogen atoms are placed in the opposite sides of the carbon backbone, generating 
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a strong dipole [23]. Besides that, it is having a huge role on the production of biomaterials due to 
the fact that fluoropolymers are biocompatible and chemical inert [24]. 
The piezoelectric properties of PVDF was discovered in 1969 by H. Kawai [25] and exists 
in four different crystalline phases which are α, β, γ and δ. Each one of these has a different 
conformation, but α-phase is the only one that does not possess piezoelectric properties because its 
conformation consists of trans-gauche-trans-gauche resulting on zero net dipole moment. Despite 
that, α-phase is the most common phase for PVDF and can be obtained by crystallization by either 
fusion or cooling of the material. The calculated density of α-phase is 1,92 g/cm3 and its melting 
temperature it is 170 °C [26]. 
The β-phase has an all-trans conformation and between the others, is the one that exhibits 
the highest dipolar moment being the phase used to exploit piezoelectric properties as it is shown on 
figure 3. These phases can suffer conversion from one to another by changing properties such as 
temperature or the electrical field. β-phase can be obtained from α-phase by stretching six times at 
90 °C [27]. The calculated density for β-phase is 1,97 g/cm3 and the melting temperature varies from 
168 °C to 191 °C being this variation due to the different methods of preparation [28]. 
 Both α and β-phases are highly used in biomedical applications despite having different 
objectives since α-phase supports higher cell metabolic activity than β-phase. The latter is used as an 
artificial membrane with piezoelectric properties to enhance and promote regrowth damaged cells.  
 
 
Figure 3 - Schematic representation α (upper image) and β (bottom image) conformations. Blue, red and 
green are Carbon, Fluor and Hydrogen, respectively. Adapted from [29]. 
 
 
Besides PVDF, there is its copolymer polyvinylidene fluoride-tetrafluoroethylene (PVDF-
TrFE) that only exhibits β-phase due to its own natural conformation and has a higher piezoelectric 
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response when compared to PVDF alone [30]. An example of those values is represented on table 1 
showing different piezoelectric coefficients for β-phase PVDF. 
 
Table 1 - Piezoelectric charge constants for different modes of PVDF [30]. 
Piezoelectric 
Strain (pC/N) 




2.5 PVDF studies applied to biomedical field 
 
The discovery of this property of PVDF opened doors to new opportunities of research with 
importance on biomedical devices.  
The electric current proved worthy of facilitating the process of treatment and repair of 
damaged living tissue. E. Fine et al. [31] performed a research on rats to analyze the efficiency of 
the PVDF copolymer, PDVF-TrFE, as an implant used to promote nerve regeneration. This research 
was accomplished using polarized tubes of PVDF-TrFE to act as nerve guidance channels. This study 
showed remarkable results since nerves regenerated in poled tubes with the piezoelectric copolymer 
had a superior number of myelinated axons when compared to tubes that contained no piezoelectric 
activity, as is shown on figure 4. Besides this, there was a difference in the number of myelinated 
axons as it is seen on figure 5. The number of myelinated axons regenerated was higher when using 
positive poled PVDF-TrFE copolymer but when it is negative poled it is still higher than the control 
samples where there was no polarization displayed. 
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Figure 4 - Transverse section at midpoint of nerve cables regenerated through PVDF-TrFE copolymer. (A) 
Low power micrograph of nerves regenerated in unpoled tubes. (B) Low power micrograph of nerves 





Figure 5 - Relationship between the number of myelinated axons and the distance from proximal stump in 
positive, negative and unpoled PVDF-TrFE. Adapted from [30]. 
 
 
This study acknowledged the piezoelectric properties of the PVDF-TrFE copolymer as a 
material capable of favouring the regeneration of nerve and enabling the repair of damaged tissue.  
The research done on this polymer has been expanding since its discovery and different 
applications have been developed using tubes and film [16]. The main objective of this work is the 
development of 3D porous membranes and the work done on this field is quite recent. In 2015, J. 
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Nunes-Pereira et al. [32] performed a research with the aim of studying porous membranes of PVDF 
and its copolymer PVDF-TrFE and their mechanical and piezoelectric properties for tissue 
engineering. The method of production involved was the solvent casting technique. Then the 
membranes were characterized in order to determine the porosity and pore size. The results were 
noticeable showing in figure 6 the comparison of the porosity and the average pore size between 
PVDF and its copolymer. It was also evaluated the phases present to confirm the presence of β-phase 
using FTIR and the degree of crystallinity of the polymer. 
 




This work brought interesting conclusions regarding the interaction with the living tissue. 
Cell proliferation was verified with both polymers, but it was demonstrated that higher pore size and 
lowest degree of porosity were important for getting better results. This contribution has provided a 
major breakthrough in how scaffolds can be used as biomedical implants because the control of either 
pore size or degree of porosity can induce the pretended response of cellular regeneration of a specific 
tissue. The copolymer PVDF-TrFE presents higher pore size and degree of porosity than the PVDF 
itself showing the best characteristics to be used in a medical implant.  
Since there are already many studies about properties and the relationship between the 
scaffolds and the living tissue, the new challenge is the development of 3D porous membranes of 
PVDF. In 2016, D. M. Correia et al. [33] developed different strategies to answer this challenge that 
consisted on three methods: solvent-casting particulate leaching, solvent casting with a 3D nylon 
template and freeze extraction with a 3D PVA template. Of the three mentioned by the authors, the 
first is the one that presents bigger porous size. These porous will have a size on the same range of 
the salt used as a porogen. It is also stated by D. M. Correia et al. [33] that NaCl was the salt used as 
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a porogen that present the highest porosity and promotes an increase of the sample crystallinity until 
a certain concentration. When the concentration of salt surpasses a critical level, it will occur a 
dislocation of the atoms causing a decrease of the crystallinity degree of the sample. Concluding, the 
PVDF membranes obtained with the mentioned methods showed a predominance of β-phase that 
varied from 86 to 94% and that a higher porosity promotes a decrease in the tensile strengths and 
Young’s Modulus. 
 
2.6 CO2 Supercritical  
 
A supercritical fluid is a state attained whenever a pure component or a mixture are brought 
to value above the critical values of temperature and pressure, as it is shown on figure 7. This 
technique has been exploited in chromatography and chemical engineering, particularly as a process 
of extraction and separation. The supercritical has different applications that goes from metal 
deposition, etching, photoresist removal and waste treatment [34]. The most common component 
used is CO2 since it is inert, non-toxic, cheap and available in high purity [35]. Another major 
advantage of using CO2 supercritical technique is the low critical point values of CO2, which are 
31.1ºC and 73.8 bar [36]. Whenever these critical points are achieved there is not distinction between 
the different the liquid and gas phases. These characteristics make the CO2 the most desired option 
to be considered as a solvent. 
As the critical temperature approaches the Tcritical, the density of the gas at the equilibrium 
becomes denser and the density of the solution decreases. At the critical values, the CO2 and the 
solution become one fluid phase. 
 
Figure 7 – Example of a phase diagram for a pure component [37]. 
 
12 
 The membranes were produced with CO2 assisted phase inversion method [36]. In this 
method CO2 will act as an antisolvent that will be immersed on the solution containing the dissolved 
polymer. Then, the rapid exchange of the solvent and nonsolvent will result in a diffusion-induced 
phase separation. 
During the preparation of membranes, some solvents can present toxic properties that affect 
the outcome of the membranes. Since, the objective is creating membranes that can be used as a 
biomaterial, the supercritical CO2 will be used as an inversion method where it will remove the toxic 
solvent used to prepare the membrane. This technique is performed under a closed system flow where 
by manipulating the temperature and pressure of the material will enable the solubilization of the 
material of interest to then selectively extract it. The sample is placed in the extraction vessel to the 






Materials and Methods 
 
3.1 Membrane fabrication 
 
3.1.1 Solvent Casting and particulate leaching 
 
 PVDF scaffolds are going to be produced by using solvent-casting and particulate leaching 
method which is one of the most common techniques used to produce 3D scaffolds in tissue 
engineering. The major advantage of this technique is the possibility of creating polymer membranes 
with controlled porosity, pore size and crystallinity [37]. 
 Polyvinylidene fluoride (Mw = 534 000 g/mol; #MKBY6618V) is going to be dissolved in 
a Dimethylformamide (DMF) (1719239 Fisher Chemical) solution of 10% and 20% w/v, using a 
magnetic stirrer to facilitate the process of mixing and then sodium chloride will be added to the 
solution to act as the porogen agent. The residual solvent will be removed after its evaporation 
through vacuum drying and then some distilled water is added to remove the salt contained in the 
membranes. 
 
3.1.2 Supercritical CO2 
 
 Similarly, to the previous method, PVDF is dissolved in a DMF (1719239 Fisher Chemical) 
solution of 10% and 20% w/v. The solutions were mixed in a heating plate at room temperature 
throughout 24h to promote a good dissolution. The CO2 (Air Liquide) has a purity of 99.998%. 
 In this work, the membranes were produced with CO2 assisted phase inversion method with 
the assistance of a high-pressure apparatus inside an aquarium full of water heated until a certain 
temperature, as it is shown in figure 8. 
 Before starting the experiment, the high-pressure apparatus should be tested without the 
samples inside to ensure that the system is isolated and there are no leaks or any clogging. If one of 
these situations is found, it is important to check the system in order to make sure that the pressure 
is constant during the production of the membranes. 
 Also, it should be turned on the cryostat in order to decrease the temperature of the flowing 
CO2 and the temperature of the bath must be heated until a temperature until a determined 




Figure 8 - Layout of the high-pressure apparatus for the membrane formation: (1) piston pump; (2) 
temperature controller; (3) high-pressure cell; (4) pressure transducer; (5) back pressure regulator [38]. 
 
The polymer solution is placed in a vessel inside the high-pressure cylindrical (3) cell made 
of stainless steel similar to the represented on the schematic displayed on figure 8. Right above the 
vessel with the polymer solution, there is a disk structure full of porous that will serve as support for 
the placement of rashig rings, a ceramic porous structure. This is responsible for a better CO2 
distribution upwards toward the output of the cell that is located at the top of the cell. 
 
 




 The conditions used for the production of each membrane were the same only changing 
one variable that was the temperature of the bath where the high-pressure cell is placed, which was 
40 ºC or 50 ºC. 
 To begin the membrane, 0,4 mL of the polymer solution is added to the vessel and the 
cylindrical cell is placed in a bath at heated temperature initially at 50 ºC, but then the value was 
changed to 40 ºC since it was the optimal temperature value. The apparatus will be put under a closed 
system flow where the flow rate of the CO2 was always 10 g/mL. The pressure in which the process 
occurred was 186 bar. This value was maintained due to help of the back-pressure regulator. After 
these parameters were met, the system would be in continuously flow for a period of 2h. At the of 
the procedure, the system needs to be fast depressurized in a short period of time of about less than 
2 minutes. 
 
3.2 Membrane Characterization 
 
The characterization of the membranes was performed by different techniques including 
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray 
diffraction (XRD) and fast-transform infra-red (FTIR), all available at CENIMAT-I3N.  
 
3.2.1 Scanning electron microscopy (SEM) 
 
 The membranes were coated with a thin gold layer using a sputter coating and their 
morphology and porous’ dimension was analysed using a scanning electron microscopy (FIB-SEM) 
Zeiss Auriga with an acceleration of 5 kV at CENIMAT. 
3.2.2 Energy-dispersive X-ray spectroscopy (EDS) 
 
 The scanning electron microscopy (FIB-SEM) Zeiss Auriga was also able to perform energy-
dispersive X-ray spectroscopy (EDS) through an additional feature Oxford XMax 150 providing a 
qualitative and a semi quantitative analysis of the elements present in the membranes. 
3.2.3 X-ray diffraction (XRD) 
 
 The samples were characterized with the diffractometer system XPert-Pro from PANalytical 
in order to study the crystalline structure of the membranes produced. In these measurements, it was 
utilized CuKα radiation with a wavelength of 0.154 nm, an electrical current of 40 mA and a voltage 
of 45 kV. Also, the samples were characterized with a step of 2θ = 0.025º. 
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3.2.4 Fast-transform infra-red (FTIR) 
 
 The chemical structure and the phase present in the samples were characterized with fast-
fourier infra-red spectroscopy with a Thermo Nicolet 6700 Spectometer. The measurements were 
made using an Attenuated Total Reflectance (ATR) and the spectra was obtained with a 45º incident 
angle in a range from 4000 to 400 cm-1 with a resolution of 0.5 cm-1.  
3.2.5 Differential Scanning Calorimetry (DSC)  
 
The thermal analysis was performed by TGA-DSC STA 449 F3 Jupiter available at 
CENIMAT in order to measure the difference in the amount of heat required to increase the 
temperature of the sample. The analysis was performed in an nitrogen environment of a PVDF 
sample of 4,6 mg heated from 20 ºC to 220 ºC  
 
 
3.3 Thermal Stimulated Discharge Current (TSDC) 
 
 The TSDC equipment was used to study the polarization of the samples using an electrometer 
(Keithley 617) connected to a computer that read the data with the help of Matlab software. The 
samples are heated from room temperature until 120 ºC at a rate of 5 ºC/min. After reaching this 
temperature, an electrical field is applied with the temperature at 120 ºC (Tp) for a period of 30 
minutes (tp) in order to orientate the mobile entities. After that time, the temperature decreases until 
the room temperature and only after this step the electrical field is shut down, as it is seen on figure 
10 [14]. This prevents the reorientation of the mobile entities and keep the samples polarized for 
them to be studied in the cell culture and bioactivity testes. This procedure is what it is called DC 
poling. The sample gets polarized positively or negatively, depending on the applied voltage that was 
applied after reaching the temperature of 120 ºC. If no field is applied the sample undergoes just 
thermal treatment. This equipment is also used to measure the depolarization currents after heating a 
previously polarized sample. In this situation after cooling down and switching off the electric field, 
the samples is kept at room temperature for at least the same time that was at Tp, after electrical 













   
3.4 Bioactivity Tests 
 
 A bioactive material is one which has been designed to induce specific biological activity 
according to ESB consensus conference of 1987 [40]. Since it is essential for a material to bond to 
with the living body, it is used a simulated body fluid (SBF). This fluid possesses ion concentrations 
equal to those present in the human blood plasma and it will reproduce the in vivo apatite formation 
on a material. This interaction will occur when the material is immersed in a serum solution. 
 In this work, a SBF x 1,5 was prepared by using a beaker with 700 mL in a magnetic stirrer 
at 200 rpm and keeping the pH meter on to control the pH. Then it was added one reactant, one by 
one, in the proper order while waiting for the previous to dissolve. The reactants were, respectively: 
9.8184 g NaCl, 3.4023 g NaHCO3, 0.55591 g KCl, 0.2129 g Na2HPO4, 0.4574 g MgCl2·6H2O, 15 
mL 1M HCl, 0.5822 g CaCl2·2H2O, 0.1080 g Na2SO4 and 9.0945 g Tris. After the dissolution of the 
last reactant, it is added drop by drop a 1 M HCL until the pH is close to 7.4. When this point is 
reached, last step is adding Millipore water until the volume is 1 L. After this procedure, the SBF 
should be kept in the fridge to then to later be used. 
Each sample was immersed in a solution with a volume that was calculated through equation 
3.1, where AS is the sample’s surface area and the V is the solution’s volume [41]. 
0.1 𝑐𝑚−1 =  
𝐴𝑠
𝑉
    3.1 
 The samples were organized in three sets divided periods of 1 day, 2 days and 5 days. In 
each set there was a sample only heated until 120 ºC, a positive polarized and a negatively polarized 
sample. For each sample, it was only need 5 mL of SBF. 
Figure 10 – Sketch of TSDC measurements [14]. 
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3.5 Cytotoxicity Tests 
 
 Cytotoxicity tests are a method of testing the biocompatibility of the membranes so that these 
can act as a biomaterial. The current tests were conducted according to ISO 10993-5 standard using 
the extract method. These standards present a number of test methods designed to evaluate the acute 
adverse biological effects of extractables from medical devices [42] 
The culture medium consisted of DMEM (Dulbeccoʹs Modified Eagleʹs Medium, Sigma-
Aldrich #D5030) supplemented with 1.0 g/L D-glucose (Gibco, #15023-021), 3.7 g/L sodium 
bicarbonate (Sigma-Aldrich, #S5761), 1% GlutaMAX™ (L-alanyl-L-glutamine dipeptide, Life 
Technologies, #35050-038), 1% sodium pyruvate (Gibco, #11360039), penicillin (100 U/ml) and 
streptomycin (100 µg/mL) (Invitrogen, #15140122) and 10% FBS (Fetal Bovine Serum, Invitrogen, 
#10270106). 
A membrane of 180 mg was put in 900 µL of medium without containing FBS and was 
incubated at 37 ºC for a period of 48h. Then, 10% FBS was added and the extracts were added to a 
previously prepared Vero (epithelial cells from monkey’s kidneys) cell cultures. Serial dilutions by 
a factor of 2 were also added to replicate wells. A positive control was set by adding a cytotoxic 
compound, dimethyl sulfoxide, to the culture medium and a negative control was set by culturing 
cells in a normal medium. The cell culture was incubated for 48h. In order to evaluate the cellular 
viability, extracts and control wells’ media were replaced by a resazurin solution consisting of 50% 
of the culture medium and 50% of resazurin solution prepared at 0.04 mg/mL in PBS (Phosphate 
Buffered Saline). Resazurin is a metabolic indicator of cell viability that is reduced to resorufin by 
viable cells. 
The ratio of absorbance is read at 570 nm (absorbance maximum of resorufin) and 600 nm 









Results and discussion 
 
4.1 Optimising membrane fabrication 
 
 PVDF and its copolymer scaffolds produced by using solvent-casting and particulate 
leaching were produced with 10% and 20% (w/v) concentration using DMF as solvent. The samples 
produced with this method resembled more like a PVDF film than a membrane. Also, the porosity 
which is an important factor for this work was not met since the interconnected pores should have a 
order of magnitude in the order of micrometers, as it is seen in the SEM images shown in figure 11. 
 
Figure 11  – SEM images at 1000x amplification of PVDF membranes obtained from solvent casting and 
particulate leaching. The left image is a PVDF membrane with a concentration of 10%, shown at a 
magnification of 500x and the right has a concentration of 20% shown at a magnification of 1000x. 
  
 Besides the necessity of porosity in these membranes, another important factor is the 
presence of interconnected porous and this was not achieved through this process. A solution found 
to produce the PVDF membranes was using a supercritical CO2 method instead of the previous one. 
With supercritical CO2 membranes both PVDF and PVDF-TrFe were produced at both 
concentrations but it was chosen to focus only on the 10% concentration. The reason for that is that 
as the concentration of the polymer increases, the membrane structure becomes denser and compact. 
This will lead to a membrane with a low porosity when compared with another produced from a 
lower concentration solution [43]. This fact is relevant when the membrane is planned to act as a 




 After choosing the proper concentration of the membranes, the process of production PVDF 
membranes was optimized following the conditions already described in the experimental procedure. 
Unfortunately, the conditions for the PVDF copolymer, PVDF-TrFe, were never met and the 
membranes fabricated had irregular surface areas that made it impossible to study their properties. A 
visual comparison between both polymers’ membrane can be seen on figure 12. 
 After these conclusions, the main focus of this work is the study of PVDF membranes 
obtained with a concentration of 10% (w/v). 
 
 
Figure 12 – Comparison between PVDF and PVDF-TrFe membranes superficial structure produced by 
supercritical CO2. The left image is a PVDF membrane with the optimal structure and the right image is the 
PVDF-TrFe with the irregular structure. 
 
4.2 Scaffold Characterization 
 
 
4.2.1 XRD results 
  
The PVDF exhibits four different phases (α, β, γ and δ) that corresponds to different peaks 
at a diffractogram. Since the objective of this work is the study of piezoelectric properties of PVDF 
and this is evidenced mainly on β-phase, the samples obtained from the PVDF membrane were 
analysed using a X-ray diffraction technique. The following data presented on figure 13 was analysed 
with OriginPro 9 software and compared with a pure PVDF X-ray diffractogram. Also, it is possible 
to spot a dominant peak at 2θ = 20.7°, that is a characteristic peak of β-phase (2 0 0) [44]. Through 




Figure 13 –XRD diafragtogram of two different PVDF membranes produced through supercritical CO2, on 
the left graph. The right graph is a XRD of PVDF in raw powder [45]. 
 
4.2.2 DSC results 
  
 Comparing the results obtained from DSC analysis from the PVDF powder and the 
samples obtained from the membranes produced, we can observe in figure 14 that the peak of the 
melting temperature was practically the same for both, around 160 ºC.  
The DSC scans also made possible the study of the crystallinity which could be obtained 
using equation 4.1 [46]. 
𝑋𝐶(%) =  
𝐻𝑓𝑠
𝐻𝑓𝑡
∗ 100   4.1 
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The 𝐻𝑓𝑠 corresponds to the area beneath the primary melting peak in the upper graphic of 
figure 14 and the 𝐻𝑓𝑡 corresponds to fusion enthalpy of a 100% crystalline sample. The 𝑋𝐶 obtained 
was 23.83 %. 
 Also, there was a small difference in the TG %, resulting on a mass change of 3.54 %. 
 
 
Figure 14 – DSC analysis of a PVDF membranes produced through supercritical CO2, on the upper graph. 
The bottom graph is a DSC of PVDF in raw powder. 
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4.2.2 FTIR results 
 
 
The FTIR spectra was analysed for two different PVDF membranes and several peaks were 
detected. In figure 15, it is seen α-phase characteristic peaks and β-phase peaks. For α-phase, the 
most evident are the 614, 763, 796, 867, 870 cm-1 and the β-phase are located at 510, 840 and 1278 
cm-1 [47]. 
 
   




A thermal stimulated depolarization current technique was used to measure the dielectric 
properties of the samples. This way the sample could be positive and negatively polarized in order 
to study the effect of the electric field on piezoelectric samples. Figure 16 shows the effect of thermal 







Figure 16 – Comparison between the current density of negative (left graph) and positive (right graph) 
depolarization on a membrane of thickness of 300 µm with an electric field of 400 kV/m, tp = 0.5h and Tp = 
120 ºC. 
 
All the samples with a thickness of 300 µm were heated until 120 ºC at a rate of 5 ºC/min 
and the electric field applied was 400 kV/m for a period of 30 minutes. Then after switching off the 
field, the samples were tested to check the effects on the samples. By analysis of figure 17, the 
magnitude of current density increased in both positive and negative polarizations as the temperature 
increased. The positive polarization showed a higher increase of current density when compared to 
negative polarization. Also, the highly increasing slope in the negative polarization at temperature 
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near end temperatures might suggest a degradation on the PVDF, as it is confirmed on the DSC with 
the melting temperature close to 160 ºC. 
 Another comparison made was studying the difference of thickness with three different 
samples negatively polarised with different thicknesses of 280, 290 and 300 µm as it is shown in 
figure 15. There was a relevant difference in the current density on the 290 µm sample. 
 
Figure 17 – Comparison of current density of membranes with different thicknesses with an electric field of 400 kV/m. 
 
4.3 Microscopical Analysis 
 
 The samples from the PVDF 10% membranes analysed with SEM have provided 
information about the scaffold’s structure. It is shown different magnifications: 1k x, 5k x, 10k x and 
20k x. The PVDF 10% membranes produced by supercritical CO2 displayed an interconnected pore 



















Figure 18  – Top view of a PVDF 10% membrane at 1k x, 5k x, 10k x and 20k x magnification. 
 
 The top superficial area displayed a spherulitic crystallization across all the sample due to 
the release of the CO2 during the fast depressurization step during the production of the membrane. 
Also, as it is said above, it is possible to confirm the presence of interconnected pores. Despite that, 
this view is not the best to understand the dimension of the pores. 
 The bottom superficial area shown on figure 19, in contrast with the previous one, is flat 
across all membrane since it is in contact with the vessel where the PVDF 10% (w/v) solution is 
placed. During the depressurization, the CO2 flows out of the system upwards leaving the bottom 
superficial area with lesser pores visible. 
 The cross-section area in figure 20 provides information about the inner structure of the 
membrane. Unfortunately, the section wasn’t cut with liquid nitrogen which deformed the edges of 




































Figure 20 – Cross-section view of a PVDF 10% membrane at 500 x, 1k x, 5k x and 10k x magnification. 
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The dimensions of the pores have different sizes but in regions where the scaffold was not 
deformed by the cut, the size, considering that the pore has a spherical structure, is ranging around 1 
to 5 µm in diameter. The average dimension of an osteocyte cell is ranging around 5 to 20 µm [48]. 
 The porosity was also calculated through equation 4.2 where 𝑝𝑃𝑉𝐷𝐹 is the density of different 
samples obtained from the membranes produced from supercritical CO2 and 𝑝𝑃𝑉𝐷𝐹𝑑𝑒𝑛𝑠𝑒 is the 
density of a dense membrane produced by pouring the PVDF 10% (w/v) into a glass plaque that was 
left to dry at 37 ºC during 24 hours in order to form a dense membrane. 
Membrane porosity (%) = (1 −
𝑝𝑃𝑉𝐷𝐹
𝑝𝑃𝑉𝐷𝐹𝑑𝑒𝑛𝑠𝑒
) ∗ 100   4.2 
In these tests, 𝑝𝑃𝑉𝐷𝐹 was obtained by an average of 8 samples of different thicknesses and 
the result obtained for the membrane porosity was (76.5 ± 0.1) %. 
 
 
4.4 Bioactivity Tests 
 
 Besides the structural analysis, bioactivity tests were done to evaluate the interaction of the 
polymer with immersion in SBF for periods of 1 day, 2 days and 5 days. For each of these periods, 
the 3 different samples were tested: one that was thermally treated, a negatively polarized and a 
positively polarized. It is important to state that the post treatment samples weren’t washed with 
distilled water which caused the appearance of some salts such as NaCl and KCl in the SEM images. 
 
4.4.1 Thermal Treatments samples 
  
 Figure 21 displays a comparison between the morphology of thermal treatments samples at 
a magnification of 10k x through SEM image. It is possible to confirm that as the period of time 
increased, the deposite layer of salts ending up to cover the PVDF membrane. This fact is more 
noticeable when the 24h sample is compared with the 5-day sample. In this last one, the presence of 
salt crystals is also more noticeable than the other two samples. The EDS report for the 1-day sample 
and the 5-day can be found in annex 1 and 2, respectively. In the 1-day report, the 
𝐶𝑎
𝑃
 relation was 
0.94 and in the 5-day sample the 
𝐶𝑎
𝑃





































Figure 21 – Top view of a PVDF 10% membrane at magnification of 10k x subjected to a thermal treatment for 24h, 48h 
and 5 days immersed in SBF, respectively. 
 
4.4.2 Positively polarized samples 
 
 In the positively polarized samples, shown on figure 22, the pattern remains the same since 
the deposition on the PVDF surface increased significantly when comparing the 24h sample and the 
5-day sample. Also, the presence of the salt crystals is higher than in the sample without polarization 
which indicates an affinity between the presence of positive polarized charges in surface of the 
membrane. The EDS report for the 1-day sample and the 5-day can be found in annex 3 and 4, 
respectively. In the 1-day report, there was also no Ca and P ions but in the 5-day the 
𝐶𝑎
𝑃
 relation was 







































Figure 22 – Top view of a PVDF 10% membrane at magnification of 10k x subjected to a positively polarization for 24h, 
48h and 5 days immersed in SBF, respectively. 
 
4.4.3 Negatively polarized samples 
 
 In the negative polarized samples, shown on figure 23, the deposition on the PVDF surface 
increased in the same way of the previous samples. Besides, the presence of the salt crystals is higher 
than in the sample without polarization but it is lower when compared to the positively polarization. 
The EDS report for the 1-day sample and the 5-day can be found in annex 5 and 6, respectively. In 
the 1-day report, unlike the previous samples, there was a small 
𝐶𝑎
𝑃
 relation of 0.013 and in the 5-day 





































Figure 23 – Top view of a PVDF 10% membrane at magnification of 10k x subjected to a negatively polarization for 24h, 
48h and 5 days immersed in SBF, respectively. 
 
In the different annexes, EDS provided the elements contained in the analysed samples 
which were PVDF’s atoms (C and F), as it was expected, and some atoms such as phosphorus and 
calcium. These were in higher quantities since the samples reacted to the induced interaction with 
the surface guaranteeing the bioactivity of the PVDF membranes. 
 
4.5 Cytotoxicity tests 
 
 Cytotoxicity of the membranes was evaluated according to the ISO 10993-5 standard using 
resazurin as a viability indicator. Resazurin is blue and non-fluorescent reagent that is reduced by 
viable cells to resorufin that is pink fluorescent. The quantity of resorufin is proportional to the 
number of living cells so the absorbance values are proportional to the number of living cells. 
 For each experiment condition, the absorbance is compared with that of negative control 
(viable cells). For the extract concentrations used (1x, 0.5x, 0.25x and 0.125x), the relative cell 
viability values obtained (0.98, 1.02, 1.07 and 1.00, respectively) were always higher than 0.9 which 
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confirms that the PVDF 10% membrane is a non-cytotoxic material. An important factor is 
guaranteeing that the viability assessment method is in fact sensitive to cell viability. To this purpose, 
cell population on the positive control (dead cells) was also evaluated and showed a relative cell 
population of 0.06.  
 
4.6 Adhesion and proliferation test 
 
 Samples from three different membranes were seeded with 20 000 osteoblast cells/cm2 in 
order to test cell adhesion and proliferation. The proliferation test was performed twice on days 3 to 
5 of the culture. There was no difference between the three membranes and the adhesion ratio was 
(63 ± 5) %. Between days 1 and 3 the proliferation rate was (1.30 ± 0.08) and between days 3 and 5 
it was (1.28 ± 0.07). 
 To image cell distribution on membranes, a fluorescence technique was used. Cell nuclei 
were imaged with a 4′,6-diamidino-2-phenylindole (DAPI). DAPI is a fluorescent stain that binds to 
adenine-thymine regions in the DNA. DAPI can pass through the membrane without damaging the 
cells and is used to visualize the cells’ nucleus. In figure 24, it is possible to see an example of the 

















Conclusions and future perspectives 
 
 The main objective of this work was the production of piezoelectric membranes and the 
study of its application as a biomaterial. This goal was achieved with the fabrication of membranes 
using PVDF which is a polymer that exhibits piezoelectric activity in its β-phase. PVDF membranes 
were successfully produced using a supercritical CO2 method. The optimal production parameters 
for these membranes were a 10% (w/v) concentration solution using DMF as solvent, in a bath of 40 
ºC and a flowing CO2 of 186 bar during a period of 2 hours. 
 All membranes were produced in the same conditions with a regular surface area and a 
average thickness of 300 µm. The SEM images provided information about the morphology of the 
internal structure and it was possible to confirm an interconnected porous structure as it was expected 
from studies in the literature. The porous dimension was on average 5 µm and the EDS results stated 
that there were no other compounds in the samples other than PVDF. The porosity of the membrane 
was (76.5 ± 0.1) % and it was obtained by comparing the density of the samples with a dense 
membrane showing a high porosity structure. 
 XRD results confirmed the presence of β-phase since the diffractogram displayed a dominant 
peak at 2θ = 20.7° corresponding to (2 0 0) peak, that is a characteristic peak of this phase. Also, in 
FTIR spectra it was confirmed several peaks from both α and β-phase, respectively. 
 DSC results stated the melting temperature of 160 ºC and the mass change during the heating. 
This value can explain the high increase in the FTIR peak as the temperature approaches the melting 
temperature. The calculated crystallinity was 23.83 %. 
 TSDC results stated that polarizing a sample with an electrical field of 400 kV/m heated at 
120 ºC for 30 minutes promotes an increase in the current density as the temperature rises. For 
temperatures above than the one of polarization, the current density increased at a fast rate possibly 
indicating that the membranes might had suffer a degradation in its structure, as it approaches the 
melting temperature. 
 For the bioactivity test, the 3 sets of samples were immersed on a SBF solution for a period 
of time of 24h, 48h and 5 days. As expected as the time passed by, there was an increase in the 
deposition of calcium phosphate on the surface. Despite that, the main components of the samples 
5 
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were the PVDF atoms and in minor quantities as detected Ca and P indicating the deposition of the 
hydroxyapatite. 
 Cytotoxicity tests were also successful since the viability ratio for each concentration was 
above 0.9 guaranteeing that the material was non-cytotoxic and can be used as a biomaterial. For the 
adhesion tests, no difference was encountered between the three studied membranes, which were 
thermally treated but not DC poled, and the adhesion rate for them was (63 ± 5) %. Also, for the 
same membranes, the proliferation ratio was (1.30 ± 0.08) between days 1 and 3 and (1.28 ± 0.1) 
between days 3 and 5. 
 In the future, there are several steps to improve in this research. First, the process of 
production could be optimized for different concentrations of PVDF, while guaranteeing a 
interconnected porous structure. Another step is the optimization of the PVDF-TrFe production by 
supercritical CO2 since this polymer only exhibits β-phase and has a higher piezoelectric response 
when compared with PVDF. Measuring the piezoelectric constant d33 response and testing the 
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Element Line Type Apparent [] k Ratio Wt% Wt% Sigma Atomic 
% 
Standard Label 
C K series 0.17 0.0017 25.90 0.62 40.34 C Vit 
O K series 0.34 0.0011 17.03 0.45 19.91 SiO2 
F K series 0.82 0.0016 20.24 0.41 19.93 CaF2 
Mg K series 0.04 0.0002 1.55 0.09 1.19 MgO 
P K series 0.66 0.0037 14.31 0.23 8.64 GaP 
Cl K series 0.10 0.0008 3.27 0.11 1.72 NaCl 
Ca K series 0.55 0.0048 17.72 0.25 8.27 Wollastonite 
















Element Line Type Apparent [] k Ratio Wt% Wt% Sigma Atomic % Standard 
C K series 0.26 0.0026 33.01 0.73 47.19 C Vit 
O K series 0.32 0.0010 13.93 0.53 14.94 SiO2 
F K series 1.35 0.0026 28.68 0.55 25.92 CaF2 
P K series 0.50 0.0028 10.75 0.25 5.96 GaP 
Cl K series 0.08 0.0007 2.74 0.13 1.33 NaCl 
Ca K series 0.34 0.0030 10.88 0.23 4.66 Wollastonite 















Element Line Type Apparent [] k Ratio Wt% Wt% Sigma Atomic 
% 
Standard Label 
C K series 0.81 0.0081 52.26 0.49 63.58 C Vit 
F K series 3.14 0.0061 46.41 0.48 35.69 CaF2 
Na K series 0.03 0.0001 0.90 0.11 0.57 Albite 
K K series 0.01 0.0001 0.42 0.07 0.16 KBr 















Element Line Type Apparent [] k Ratio Wt% Wt% Sigma Atomic 
% 
Standard Label 
C K series 0.28 0.0027 39.45 0.76 54.17 C Vit 
O K series 0.12 0.0004 5.17 0.42 5.33 SiO2 
F K series 1.95 0.0038 33.33 0.56 28.94 CaF2 
Na K series 0.14 0.0005 4.07 0.18 2.92 Albite 
P K series 0.35 0.0019 7.52 0.22 4.00 GaP 
Cl K series 0.18 0.0016 6.06 0.18 2.82 NaCl 
Ca K series 0.14 0.0012 4.4 0.16 1.81 Wollastonite 












Element Line Type Apparent [] k Ratio Wt% Wt% Sigma Atomic 
% 
Standard Label 
C K series 1.17 0.0117 60.41 0.40 72.26 C Vit 
F K series 3.19 0.0062 31.91 0.35 24.13 CaF2 
Na K series 0.05 0.0002 0.93 0.07 0.58 Albite 
P K series 0.39 0.0021 5.17 0.11 2.40 GaP 
Cl K series 0.07 0.0006 1.43 0.06 0.58 NaCl 
K K series 0.00 0.0000 0.08 0.04 0.03 KBr 
Ca K series 0.00 0.0000 0.07 0.04 0.03 Wollastonite 









6 – EDS report for the 5-day negatively polarized sample 
 
 
Element Line Type Apparent [] k Ratio Wt% Wt% Sigma Atomic 
% 
Standard Label 
C K series 0.34 0.0034 44.27 0.75 58.65 C Vit 
O K series 0.09 0.0003 4.03 0.32 4.01 SiO2 
F K series 1.94 0.0038 33.90 0.53 28.39 CaF2 
Na K series 0.09 0.0003 2.78 0.13 1.93 Albite 
P K series 0.32 0.0017 7.07 0.18 3.63 GaP 
Cl K series 0.13 0.0011 4.48 0.13 2.01 NaCl 
K K series 0.01 0.0000 0.31 0.07 0.13 KBr 
Ca K series 0.09 0.0008 3.17 0.11 1.26 Wollastonite 
Total:    100.00  100.00  
 
 
𝐶𝑎
𝑃
= 0,35 
 
 
 
